Introduction
Natural convection in rectangular enclosures with partially heated or partially cooled vertical walls while the other two walls are kept adiabatic is of special interest in many engineering applications such as solar receivers, solar passive design, and cooling of electronic equipment. A detailed study of the convective flow and heat transfer in a partially heated/cooled enclosure is very helpful to understand the complex phenomena of natural convection in practical applications. Kuhn et al. [1] numerically studied unsteady natural convection in a partially heated rectangular enclosure. They found that the average Nusselt number increases to maximum and then decreases when the heater location moves from the top to bottom. Tanda [2] numerically analyzed laminar natural convection of air in open vertical channels with partially heated walls. In this study, both uniform wall temperature and uniform heat flux boundary conditions are studied. Valencia et al. [3] studied natural *nCorresponding author; e-mail: sd.siva@yahoo.com convection of air in a square cavity with half-active and half-insulated vertical walls. They considered five different thermally active locations. Natural convection in a rectangular enclosure with four discrete heaters is investigated numerically and experimentally by Ho et al. [4] .
Convective flow in a partially heated and partially cooled cavity is numerically analyzed by Yucel et al. [5] . They observed that the mean Nusselt number decreases with increasing the heater size for a given cooler size. On the other hand, the mean Nusselt number increases with increasing the cooler size for a given heater size. Numerical simulations of laminar natural convection in a partially cooled differentially heated cavity are performed by El-Refaee et al. [6] . They found that the rate of heat transfer reaches its maximum value when the cavity is vertical with aspect ratio unity. Nithyadevi et al. [7] and Kandaswamy et al. [8] studied the natural convection in a square cavity with partially thermally active vertical walls. They considered nine different thermally active locations. Chen et al. [9] numerically studied natural convection in a cavity with partially heated on the left and bottom walls. They found that the heat transfer rate is increased with increasing the length of the heat source. Oztop et al. [10] numerically investigated convection of nanofluids in a partially heated rectangular enclosure. They found that the heater location influences on flow field and temperature distributions. Arici et al. [11] numerically investigated natural convection in a partially divided trapezoidal enclosure with summer and winter conditions. They found that the heat transfer results are not significantly altered by the presence of divider for summer condition.
Sivakumar et al. [12] numerically studied the mixed convection in a lid-driven cavity with different lengths and locations of the heater. They found that the heat transfer rate is enhanced when the location of heater is at middle or top on the left wall of the cavity. Natural convection flow inside a prismatic cavity has been numerically examined by Aich et al. [13] . They found that flow and temperature fields are strongly affected by the shape of the enclosure. Delavar et al. [14] investigated the effect of the heater location on flow pattern and heat transfer in a cavity using lattice Boltzmann method. The results show that higher heat transfer is observed from the cold walls when the heater located on vertical wall. Sivasankaran et al. [15] numerically studied the effect of discrete heating on natural convection in a porous enclosure. They concluded that the heat transfer rate is high at both heaters for smaller heater length ratio. Recently, Sankar et al. [16] numerically investigated natural convection in a porous cavity with partially thermally active walls. Terekhov et al. [17] made a numerical simulation on buoyant convection in a square enclosure with multiple partitions. Their result shows that the Nusselt number increases significantly with an increase in heat conductivity coefficient of partitions. Bhuvaneswari et al. [18] numerically analyzed the effect of aspect ratio on convection in a rectangular cavity with partially thermally active walls. They found that the heat transfer rate is decreased on increasing the aspect ratio.
Convective heat transfer in the presence of a magnetic field have been used extensively in many applications such as crystal growth, geothermal reservoir, metallurgical applications involving casting, and solidification of metal alloys. Rudraiah et al. [19] numerically investigated the effect of the magnetic field on natural convection in a rectangular enclosure. They found that the rate of heat transfer decreases in the presence the magnetic field. Khanafer et al. [20] numerically studied hydromagnetic convection of a heat generating fluid in an inclined square porous cavity saturated with an electrically conducting fluid. They found that the heat transfer rate is reduced by the effect of the magnetic field. Qi et al. [21] studied natural convection in a cavity with partially heated from below in the presence of an imposed non-uniform magnetic field. They found that the velocity decreases with increasing the magnetic field strength. Hossain et al. [22] numerically investigated buoyancy and thermocapillary driven convection of an electrically conducting fluid in an enclosure with internal heat generation. They found that increase in the value of heat generation causes the development of more cells inside the cavity.
Natural convection of an electrically conducting fluid in a laterally and volumetrically heated square cavity under the influence of a magnetic field is investigated by Sarris et al. [23] . They concluded that the heat transfer is enhanced with increasing internal heat generation parameter, but no significant effect of the magnetic field is observed due to the small range of the Hartmann numbers. Sivasankaran et al. [24] numerically analyzed the effects of temperature dependent properties on magneto convection in a cavity. They found that the heat transfer rate increases with increasing the Rayleigh number and decreases with increasing the Hartmann number. Double diffusive natural convection in trapezoidal porous cavity in the presence of transverse magnetic field has been studied numerically by Younsi [25] . He found that the overall heat and mass transfers decrease on increasing the magnetic field. Kolsi et al. [26] studied the effect of an external magnetic field on natural convection of liquid metals in a cubic cavity. They observed that the generated entropy is distributed on the entire cavity in the presence of a magnetic field.
Bhuvaneswari et al. [27] investigated magnetic convection in an enclosure with non--uniform heating on both walls. They found that the heat transfer rate is increased on increasing the amplitude ratio. Sivasankaran et al. [28] numerically examined the mixed convection in a square cavity with sinusoidal temperature on vertical walls in the presence of a magnetic field. They revealed that increasing the Hartmann number results in the decrease of the total heat transfer rate. Sivasankaran et al. [29] numerically studied the magnetohydrodinamics convection of cold water in an open cavity with variable fluid properties. They observed that convection is enhanced by thermo-capillary force when buoyancy force is weakened. The effect of partition on magneto convection in a cavity is investigated by Sivasankaran et al. [30] . They found that the heat transfer rate with a horizontal partition is lower than with a vertical partition for given Hartmann and Grashof numbers.
To best of our knowledge, natural convection in enclosures with partially active vertical walls in the presence of magnetic field has received less attention in literature. Therefore, the main objective of the present study is to analyze the effect of the magnetic field and aspect ratio on convective flow and heat transfer in a rectangular enclosure with partially thermally active vertical walls.
Mathematical formulation
The physical configuration under consideration is a 2-D rectangular enclosure of length L and height H filled with an electrically conducting fluid as shown in fig. 1 . A portion of the left wall is kept at a constant temperature  h and a portion of the right wall is at temperature  c , with  h >  c . The remaining portions in the vertical walls and horizontal The magnetic Reynolds number is assumed to be small so that the induced magnetic field can be neglected compared to the applied magnetic field. The flow of laminar, incompressible, viscous fluid under the above specified geometrical and physical condition is governed by the following equations: 0 uv xy
The appropriate initial and boundary conditions are: 
The following non-dimensional variables are used to non-dimensionalise the governing
, Y = y/n, and z = wL 2 /n. After eliminating the pressure terms, we get the vorticity-stream function formulation of the above eqs. (1)- (4) Gr +Ha sin cos sin cos
, , and
The initial and boundary conditions in the dimensionless form are: 
Method of solution
The non-dimensional governing eqs. (6)-(9) subject to the boundary conditions (10) are discretized using the finite volume method [31] . The power law scheme is used for the convection and diffusion terms. The implicit scheme is used for time marching. The solution domain consist a finite number of grid points at which the discretization equations are applied. The region of interest is covered with m vertical and n horizontal uniformly spaced grid lines in X-and Y-directions. The overall Nusselt number is used to develop an understanding of what grid fineness is necessary for accurate numerical simulations. The grid sizes are tested from 41  41 to 121  121 for Ra = 10 6 and Pr = 0.054. It is observed from the grid independence test that a 81  81 uniform grid is enough to investigate the problem. At each time step the temperature and vorticity distributions are obtained from eqs. (9) and (6), respectively. The stream function distribution is obtained from eq. (7) by using the successive over relaxation method and a known vorticity distribution. The boundary vorticity at solid walls can be obtained from the relation: where the subscript w denotes the boundary node. The velocities are then calculated using the stream function values. Finally, the numerical integration of the average Nusselt number is calculated by the trapezoidal rule. The process is repeated in the next time step until the steady-state is reached. An iterative process is employed to find the stream function, vorticity, and temperature fields. The process is repeated until the following convergence criterion satisfied for all variables (T, , ): 
Here i and j denote the grid points in X-and Y-directions, respectively. The subscript n denotes the time step. The validation of code is very important in computational studies. Therefore, the present computational code is verified against the existing results available in the literature. The quantitative results are compared with the corresponding solutions for natural convection in a square cavity [32, 33] , natural convection in a cavity with partially active walls [3] and natural convection in the presence of the magnetic field [19] . They are shown in tabs. 1, 2, and 3. It is observed from the tables that an agreement is obtained between the present results and previous results. An in-house code is used to simulate the present problem. The computations are carried out by computer with Intel core 2 Duo CPU and 2GB RAM. 
Results and discussion
Numerical study is performed to understand the natural convection of an electrically conducting fluid in a rectangular enclosure with partially thermally active vertical walls in the presence of a uniform external magnetic field. It is clear that the non-dimensional parameters of interest are the aspect ratio, Grashof number, the Prandtl number, the Hartmann number, and the direction of the external magnetic field. The value of the Prandtl number is chosen to be 0.054, corresponding to liquid metal in the present study. Computations are carried out for nine different thermally active locations with the Grashof numbers ranging from 10 3 to 10 6 , the Hartmann numbers ranging from 10 to 100 and the aspect ratio from 0.5 to 4. The direction of the external magnetic field with the horizontal axis is varying from  = 0 to 90. When increasing the angle to  = 45 or 90 there is no considerable change in the flow pattern for weak magnetic field. It is interesting to note that the cell elongated horizontally fig. 2(h) . From the fig. 2(i) , the central streamlines are elongated horizontally and two secondary cells appear inside it as  increases ( = 90). The influence of a magnetic field on flow pattern is apparent from these figures. This is due to the retarding effect of the Lorentz force.
The isotherms of the middle-middle heating location for Ha = 10, 25, and 100,  = 0, and 45, 90, and Gr = 10 5 are shown in fig. 3(a)-(i) . For weak magnetic field strength (Ha = 10), there is a temperature stratification in the vertical direction and the thermal boundary layer is formed along the heating locations, which is clearly seen from the fig. 3(a) -(c). It can be seen from these figures that convection is a dominant heat transfer mechanism. Increasing the Hartmann number to 25, there is a small noticeable change found in temperature field. Further increasing the Hartmann number (Ha = 100), the vertical temperature stratification inside the cavity disappears and the thickness of the thermal boundary layers along the thermally active locations is reduced. This shows that convection is suppressed for all values of  due to the strong magnetic field effect and hence the heat transfer in the cavity is mostly by conduction.
The streamlines for the top-bottom thermally active location with different directions of external magnetic filed, Ha = 25 and Gr = 10 5 are displayed in Fig. 4(a-c) . 5 . The velocity of the particle is decreased with increasing the Hartmann number. The strong magnetic field decreases the flow speed inside the enclosure. The velocity of the fluid is higher in the bottom-top location whereas the velocity of the fluid is low in the top-bottom location. The local Nusselt number for different directions of the external magnetic field, Hartmann numbers and three active locations are depicted in fig. 7(a)-(c) . When changing the direction of the external magnetic field, a small variation in local Nusselt number is observed. Comparing these figures, it is observed that the Middle-Middle location provides the higher local heat transfer rate. The value of local Nusselt number decreases along with the heater. The local Nusselt number slightly increases at the end of the heater when heat is at middle or bottom of the wall. Further scrutinizing these figures, local Nusselt number is reduced in the presence of magnetic field. An important quantity of practical interest in the heat transfer analysis is the average heat transfer rate dissipated from the heating location and is measured from the dimensionless parameter average Nusselt number. In order to find the effect of thermally active location on magneto convection, the average Nusselt number is plotted for different heating and cooling locations along the vertical walls of the cavity in fig. 8 . It reveals clearly the effect of different thermally active locations on average heat transfer rate. It is observed that the heat transfer rate is enhanced in the bottom-top thermally active location and the heat transfer rate is poor in the top-bottom location. This is due to the buoyancy effect acts more effectively in the bottom-top location than that in the top-bottom location where the buoyancy is suppressed by horizontal wall in the top-bottom location. In order to study the effect of the direction and strength of the external magnetic field on natural convection, the average Nusselt number is plotted as a function of the Hartmann and Grashof numbers for different values of  in figs. 9-11. It can be seen from the figure that there is a small change in the average heat transfer rate when changing the direction of external magnetic field. Among these three directions,  = 90 produces higher heat transfer rate for most thermally active locations. It is observed that the heat transfer rate decreases with increase in the Hartmann number for all directions of the external magnetic field and thermally active locations. It is observed that increasing the Grashof number increases the heat transfer rate. Figures 12(a)-(c) show the effect of the aspect ratio against the average Nusselt number for different thermally active locations, different magnetic field strengths and directions, and Gr = 10 5 . It is observed from the figures that the average Nusselt number increases with aspect ratio. It is also found that the rate of heat transfer is suppressed for high values of the Hartmann number.
Conclusions
The effect of orientation of the external magnetic field and partially thermally active zones on natural convection in an enclosure is studied numerically. The following are concluded from the study.  The thermally active locations make great impact on convective flow and heat transfer.
The bottom-top thermally active location gives higher heat transfer rate whereas the top--bottom location gives very poor heat transfer rate.  Convective heat transfer is enhanced when heating location is either at the middle or bottom of the left wall while the cooling location is either at the top or middle of the right wall.  The heat transfer rate decreases on increasing the strength of the magnetic field.  The heat transfer rate increases on increasing the Grashof number and aspect ratio.  The flow field is altered by changing the direction of external magnetic field in the presence of the strong magnetic field. 
